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Abstract 
Hydrolytic opening reaction of 2,3-pyridine dicarboxylic anhydride with the zinc 
dichloride led to form the chelate complex of mono deprotonated 2,3-pyridine dicarboxylic 
acid, [Zn(2,3-pdcH)2(H2O)2], (2,3-pdcH = 2,3-pyridinedicarboxylic acid). The coordinated 
compound crystallizes in the monoclinic space group P21/n. The crystal structure of this title 
compound exhibits a homoleptic complex with distorted octahedral geometry and ligand 
coordinated via pyridine nitrogen and oxygen atoms from one deprotonated dicarboxylic acid. 
Intermolecular interactions were analysed by Hirshfeld surfaces. After formation of the metal 
complex, the crystal packing is stabilized by O-H…O and C-H…O hydrogen bonds. There 
are moreover hydrophobic interactions, which consist in stacking between the pyridine cycle 
and the carboxylic/carboxylate groups. NBO and QTAIM analyses have been performed to 
evaluate the charge delocalization interactions that occur between the Zn(II) central ion and 
the surrounding ligand donor atoms. The HOMO and LUMO energies and Molecular 
Electrostatic Potential surface were derived from DFT theoretical calculations.   
Keywords Zn(II) chelate complex • Hirshfeld surface • Metal-Ligand interaction • 2,3-
pyridinedicarboxylate ligand • DFT 
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1. Introduction 
In the recent years, many researchers have been interested to synthesize coordination 
compounds due to their versatile applications and its wide chemical properties. Moreover, the 
coordination of ligands with various metal transition allowed to form a variety of 
supramolecular architectures with an extensive network of hydrogen bonding [1] and 
coordination polyhedra such as tetrahedral, square planar, square pyramidal, trigonal 
bipyramidal and octahedral [2-4].  As is well known, the structural diversity of ligands and the 
choice of metals are the most important aspects of coordination chemistry. Among ligands, 
salts of the carboxylate groups and aromatic pyridines rings describe attractive 
multifunctional building blocks in the formation of coordination complexes and exhibit 
interesting molecular structures [5].  Additionally, Metal coordinated compounds based on 
carboxylate ligands play a very great role in material chemistry, such as catalysis [6,7], 
medicinal chemistry [8], photochemistry and electrochemistry [9] and so on. In this context, 
the 2,3-pyridine dicarboxylic anhydride is commonly used as a linker to construct 
coordination compounds which can adopt varied coordination modes such as monodentate, 
chelating bidentate, bridging bidentate and multidentate. This could potentially allow different 
coordination motifs to form infinite molecular structures with various metal centers. The 
carboxylic O atoms are favourable to form hydrogen bonding, while the pyridyl ring is 
usually able to form of stacking interactions. The various coordination patterns of N or O 
atoms can result in novel structures and topologies [10]. The hydrolysis reaction of the 2,3-
pyridine dicarboxylic anhydride can open the ring of the carboxylic anhydride either to give a 
dicarboxylic acid or to prepare different carboxylate complexes [11] presenting strong and 
weak intermolecular interactions which give stability and H-bonded supramolecular network 
in the crystal packing. 
In our continuation of synthesis and structural studies of carboxylate complexes, it was of 
great research interest to study the synthesis, structural characterization and theoretical 
simulation of a zinc(II) complex based on  2,3 pyridine dicarboxylic acid. 
2. Experimental 
2.1.   Chemical preparation 
All chemical and solvents used in this work were purchased by Sigma-Aldrich and used as 
received with the purity available. 
A solution of ZnCl2 ((0.137 g, 1 mmol) dissolved in water (6 mL) was added dropwise to a 
solution of 2,3-pyridine dicarboxylic anhydride (0.3 g, 2 mmol) in water. After stirring for 
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one hour, the resultant solution was evaporated at room temperature. The transparent crystals 
of the compound were isolated after few days and subjected to X-ray diffraction analysis 
(yield 86%). Anal. Calc.: C, 38.34 %; H, 2.76 %; N, 6.45 %. Found: C, 37.99 %; H, 2.63 %; 
N, 6.89 %.  
The same compound is also synthesized by Aghabozorg et al. which obtained it with an 
aqueous solution of 2,9-dimethyl-1,10-phenathroline, pyridine-2,3-dicarboxylic and the 
ZnSO4.7H2O [12].  
2.2. Investigation techniques 
2.2.1. X-ray single crystal structural analysis 
The single-crystal X-ray diffraction experiment was carried out using a Bruker Apex CCD 
diffractometer equipped with Mo radiation source (λ=0.71073Å). Intensities were collected at 
193 K by means of the SMART software [13]. Reflection indexing, unit-cell parameters 
refinement, Lorentz-polarization correction, peak integration and background determination 
were performed using the SAINT software [14]. The crystal structure was solved by direct 
methods and refined with the SHELXS 2013 [15]. The crystal data are gathered in Table 1. 
The drawings were made with Vesta [16] and Mercury [17]. Basic parameters describing the 
measurement procedure as well as the refinement results are shown in Table 1. 
2.2.2. Multipolar calculations 
The charge density of the molecules was modeled using the Hansen & Coppens multipolar 
atom [18]. The charge density parameters were transferred from the ELMAM2 database of 
multipolar atoms [19]. The X-H bond lengths were elongated according to standard neutron 
diffraction distances [20]. The electrostatic energy was computed with the VMoPro module of 
MoPro software [21] between pairs of atoms in close contact. The energy was obtained by 
direct summation over contacts between the reference and the surrounding molecules. To take 
into account only the shortest contacts which contribute to the Hirshfeld surface contacts 
atom/atom decomposition, a cutoff of the sum of van der Waals radii plus 0.2 Å was applied 
to the interatomic distance. Average Eelec values were obtained by dividing the summation by 
the number of contacts. Hirshfeld surface and contact enrichment ratios were obtained with 
MoProViewer [22]. As X…Y and Y…X contact types yield similar contact surfaces and Eelec 
values in the context of this study, the reciprocal contacts were merged together. 
3. Results and discussion 
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3.1.  Structure description 
First of it is worth to note that the hydrolysis which usually means the cleavage of chemical 
bonds by addition of water molecule, can open the ring of the 2,3-pyridine dicarboxylic 
anhydride because the water, acting as oxy-nucleophile, hydrolyzes anhydrides into their 
corresponding carboxylic acids. If the anhydride is part of a ring, the ring will open, 
producing one molecule with two carboxylic acid groups (its corresponding acid), as depicted 
in Scheme 1. 
 
 
Scheme 1 Water hydrolysis of cyclic anhydrides into their corresponding dicarboxylic 
acids. 
Crystallographic data, refinement results and intensity data of the coordinated compound are 
presented in Table 1. The bond lengths and angles are given in Table 2 whereas, hydrogen 
bonds present in the structure are shown in Table 3. The reaction of 2,3-pyridine dicarboxylic 
anhydride with zinc dichloride in water gives rise to a chelate complex with the formula 
[Zn(2,3-pdcH)2(H2O)2] (Fig. 1). There is also a report of a similar zinc compound with 
pyridine-2,3-dicarboxylic acid [12]. In this complex structure, each ligand coordinates in a 
chelate mode via both nitrogen and oxygen atoms from a deprotonated 2-carboxylic acid 
group, forming a five-membered chelate ring. The remaining protonated carboxylic group is 
involved in the formation of intramolecular hydrogen bonds, O4-H4…O3 (dD–A = 2.399 Å 
and D–H---A 174°) and not in coordination. The Zn atom is hexacoordinated to two oxygen 
atoms (O1, O1i (i= 1-x, 1-y, 1-z)) of two water molecules, to two oxygen atoms (O2, O2i) and 
two nitrogen atoms (N1, N1i) of the 2,3—pdcH ligand. The atoms O2, O2i, N1 and N1i 
occupy the equatorial positions, while the atoms O1 and O1i are located on the axial positions 
occupying trans-positions. The geometrical features of the ZnO4N2 octahedron are reported in 
Table 2. The N- Zn-O angles range from 78.45(6) ° to 101.55(6) °. The three angles around 
the Zn atom (O1-Zn-O1i, O2-Zn-O2i and N1-Zn-N1i are all flat with angles value equal to 
180°, giving octahedral geometry (Fig. 2 & 3). The detailed geometry of the ZnO4N2 
octahedra (Table 2) shows that the bond distances (Zn1-N1 = 2.0645(15) Å, Zn1-O2 = 
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2.0551(13) Å and Zn-O1= 2.1874(15) Å compare well to those reported for similar octahedral 
Zn(II) complexes [11]. The bond angles around the Zn atom vary between 78.45(6) and 
101.55(6)° indicating that the ZnN2O4 species have a slightly distorted octahedral geometry. It 
is worth to note that in the lattice structure, the [Zn(2,3-pdcH)2(H2O)2] entities are situated on 
the vertices and the middle of the unit cell (Fig. 2). The dihedral angle between the plane 
containing the water molecules and that of the pyridine dicarboxylic acid is 87.96° (Fig. 3) 
underlining non-orthogonal arrangement between these groups. The structure of organic 
cation contains an unusual COOH carboxylic acid with the proton lying in the anti-position 
[23]. This is due to a stabilization of the anti-conformation by an intramolecular hydrogen 
bond. The great abundance of hydrogen bonding donors and acceptors gives origin to a 
complex three-dimensional hydrogen bonding network. The carboxylate group shows strong 
intramolecular hydrogen bonding (O4—OH4ꞏꞏꞏO3) between the OH group of the neutral 
carboxylic acid and the carbonyl oxygen of another coordinating carboxylate group. Each 
[Zn(2,3-pdcH)2(H2O)2] entity is connected via the formation of O-H…O (O1—OW1ꞏꞏꞏO5 
and O1—OW2ꞏꞏꞏO5 (symmetry codes: −x+½, y−½, −z+3/2 and x+1,y,z respectively) hydrogen 
bonds involving both coordinated water molecules to four neighboring [Zn(2,3-
pdcH)2(H2O)2] entities (Fig.4). These moieties are connected via C-H…O (C2—H2ꞏꞏꞏO2 and 
C2—H2ꞏꞏꞏO3) hydrogen bonds to form layers parallel to the (a,b) plane (Fig. 5).  
3.2.  Metal—ligand charge-transfer interaction (MLCTI) analysis 
Natural Population Analysis (NPA) and Natural Bond Orbital (NBO) were primarily 
investigated to predict the molecular natural charge distribution and also to exhaustively 
explore the strength and nature of the charge delocalization interactions that occur between 
the ligand and the zinc metal atoms. The NPA-NBO framework is the most suitable approach 
for atomic charge computations, since it is less affected by basis set changing. The existence 
of both nitrogen and oxygen as ligand coordinated atoms offers an occasion to enrich the 
inquiry of electron donation tendency. The natural atomic charges and valence electron 
configurations on the atoms of the coordinated ligands as well as the Zn metal ion are 
summarized in Table 4, on account of the symmetry half of the data are presented. 
Interestingly, the net natural charge at the Zn cation is 1.05956 e. This value is considerably 
lower than the formal charge (+2) suggesting that charge of zinc cation was meaningfully 
diminished by the negative electron density transferred from the ligand units. The net charges 
at O1, O2 and N1 ligand atoms are -0.75829, -0.68286 and -0.52609 e, respectively. These 
results indicate the transfer of a significant amount of electron density to the zinc atom by 
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0,24171, 0,31714 and 0,47391 e from O1, O2 and N1 nitrogen atom, respectively. It is clearly 
shown that the water molecule, which has O1 as interacted atom, has a slighter ability towards 
electron donation to the Zn2+cation. Remarkably, the central zinc atom has an d10 valence 
configuration, however investigating the orbital populations we find the following valence 
arrangement [4S0.373d9.994p0.565p0.02]. Additionally, from Table 4, all coordination ligand 
atoms have a valence electron configuration lower than these expected. Therefore, the studied 
complex could be described as a ligand-to-metal charge-transfer (LMCT) complex since the 
donations from ligand to metal are higher than the back donation. The Zn—O and Zn—N 
interactions were carefully discussed through NBO—Second-order perturbation theory. The 
second order perturbative energies E(2) corresponding to donor-acceptor interactions between 
ligand donor orbitals (NBO(i)) and metal acceptor orbitals (NBO(j)) are reported in Table 5. 
The hybridizations, occupancies and energies of these orbitals are given in Table 6. At first 
sight, we notice that the studied system does not incorporate a bond BD (electron pairs 
centered on two atoms) between interacted O/N atoms and Zn2+ cations, seeing that the Zn—
O/N interactions are coming from an electronic delocalization between the O/N-lone pair 
filled orbitals LP(O/N) to the empty anti-bonding orbitals of the Zn metal LP*(Zn). As shown 
in Figures 6 and 7, all LP donor NBOs present a mixed s/p character, except for LP(3)O2 
which is a p pure orbital. On the other hand, all LP* metal acceptor NBOs are pure p orbitals 
excepting LP*(6)Zn which shows a nearly s character (Table 6). The net stabilization energies 
(given in bold in Table 5) for Zn—O1, Zn—O2 and Zn—N1 are 87.22, 144.12 and 98.44 
kcal/mol, respectively. These results are consistent with the reported X-ray bond distances as 
shorter bond length favors a higher electronic delocalization [24]. As a result of the charge 
transfer process, considerable shifts in the occupancies of interacted orbitals as well as their 
energies happened (Table 6). Although the LP(3)O2 NBO has lower energy (-0.32133) and 
lesser occupancy (1.61113) with respect to other donor orbitals, it is not responsible for the 
greatest interactions with the Zn anti-bonding NBOs. In fact, as clearly shown in Fig. 7, this 
orbital is engaged in another strong interaction LP(3)O2→BD*(2)C6-O3 as an electron 
withdrawing center with associated E(2) value of 165.22 kcal/mol. This explains why this 
NBO atom loses more electrons. Furthermore, it is noticed from data collected in Tables 5 and 
6, that it is not evident that donor orbitals with higher levels of energy have higher E(2) values. 
This is in agreement with previous conclusions on the subject [25]. Moreover, we found from 
the NBO analysis that electronic delocalizations from LP(Zn) and LP*(Zn) to some RY* of 
the oxygen and nitrogen atoms occur although with lower energies, where RY* designates the 
1-center Rydberg non-Lewis NBOs. Based on Bader’s quantum theory of atoms-in-molecules 
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(QTAIM) tool, the donor-acceptor connection between the metal and the surrounding ligands 
was further discussed. Topological properties at the Zn—N and Zn—O bond critical points 
(BCPs) are given in Table 7. QTAIM-molecular graph for complex 1 is illustrated in Figure 8. 
The estimated electron density and its Laplacian values at bond critical point are 
equal to (0.03334; 0.20592) , (0.04687; 0.37657 u.a) and (0.05415; 0.42090) for Zn—O1, 
Zn—O2 and Zn—N1, respectively. Generally, all these amounts are coherent with shared 
(covalent or similar) bonds [26]. Additionally, for all bonds, the total energy density  is 
negative and the  ratio is  indicating the predominant covalent character [27]. The 
interaction energies at the BCPs were determined from the electron potential energy density 
as  and found to be -21.77, -29.78 and -29.54 for Zn—O1, Zn—O2 and Zn—
N1, respectively. These values are qualitatively correlated to bond lengths with the fact that 
the shorter the atom–atom distances, the greater the orbital overlaps, as already reported for 
similar systems [28-30].  
3.3.  Hirshfeld surface and enrichment ratio 
Studies of intermolecular interactions using the Hirshfeld surface represents an important tool 
to gain insight into crystal structure. The Hirshfeld surface was computed with the 
MoProViewer software [22]. The enrichment ratios [31] of contacts between the different 
chemical species were computed in order to highlight which contacts are statistically over-
represented and favored in the crystal packing. The chemical nature of contacts and their 
enrichment ratios in the title compound are shown in Table 8 and Fig. 9. A dimer of the 
asymmetric unit was generated as the Zn(II) cation lies on an inversion center with 
multiplicity 2. To obtain an integral Hirshfeld surface around each entity (water, Zn++, organic 
anion), a set of entities not in contact with each other were selected in the crystal packing 
(Fig. 9 and Fig. 10). The Hirshfeld surface of the ensemble is constituted by as much as 31% 
of oxygen atoms followed by carbon at 25.5%. and the water Ho and hydrophobic Hc 
hydrogen atom types. The major contacts are constituted by strong O-H…O and weak C-
H…O hydrogen bonds followed by C…O contacts and Zn…O coordination. The C…O 
interactions can be quite favorable from an electrostatic point of view as within the COOH 
and COO- moieties, the carbon C+ and oxygen O- atoms bear charges of opposite sign. There 
is a significant parallel stacking between the COOH and COO- planar groups. The Zn(II) 
cation is coordinated by the unique nitrogen atom resulting in a high enrichment ratio 
EZnN=7.11. The metallic cation is also coordinated by two oxygen atoms (on the carboxylic 
acid and on the water molecule, EZnO=1.77). The non-polar species, C and Hc, have quite 
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enriched self-contacts which are related to the extensive stacking occurring between organic 
flat molecules. The planes of the organic cation show two orientations, related by a 2-fold 
helicoidal axis along b, forming an angle of 37.9°. Due to these two close orientations of 
organic cations, there are no C-H… π weak hydrogen bonds (where the C-H direction is not 
far from being perpendicular to the sp2 plane). Besides the hydrophobic contacts, Hc atoms 
form weak C-H…O hydrogen bonds which are significantly over-represented at EOHc=1.61. 
The polar water Ho hydrogen atoms are mostly in contacts with oxygen atoms, notably a 
strong O-H…O hydrogen bond with the C=O group of the carboxylic acid. O…Ho contacts 
are slightly more enriched (E=1.82) than O…Hc. The self-contacts between charged species 
(Zn++, N-, O- and Ho+) have Exx values very close to zero and are systematically avoided, 
due to electrostatic repulsion. This can be seen in Fig. 11 which shows the relationship 
between enrichment ratios Exy and average electrostatic energy Eelec of the different contact 
types. Globally, there is a clear correlation between <Eelec> and Exy values.  The two strong 
negative electrostatic energies correspond to most enriched contacts: Zn…N followed by 
Zn…O. The scatterplot in Fig. 11 suggests that the driving force in the crystal stabilization is 
the formation of the coordination complex followed by the strong O…Ho and the weak 
O…Hc hydrogen bonds.  
Analyzing the Hirshfeld surface and contacts once the metal complex of Zn(II) with two 
anions and two water molecules is formed gives a different and more supramolecular picture 
of the crystal packing (Table 9). The surface content is then half hydrophilic and half 
hydrophobic. For the formed complex, the major surface contacts are strong O-H…O and 
weak C-H…O hydrogen bonds together with C…O contacts. All these contacts are enriched, 
especially the hydrogen bonds.  The extensive flat organic anion stacking results in well 
represented Hc…Hc and C..C self-contacts. When the metal/anions complex is considered as 
a whole moiety, there is no clear partition between hydrophobic (made of Hc and C atoms) 
and electrostatic contacts, as both represent ~24% of the contact surface, while cross 
interactions between charged and hydrophobic atoms represent 52% on the surface. This is 
notably due to an excess of hydrogen bond acceptors (COO-, COOH, HOH) compared to only 
two strong hydrogen bond donors (HOH); this unbalance promotes the formation of weak C-
H…O hydrogen bonds. 
3.4.  Frontier Molecular Orbitals analysis 
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HOMO-LUMO orbitals were calculated from the crystal data with DFT method at the 
B3LYP/6-31+G* level. The energy of frontier orbitals HOMO and LUMO plays a signiﬁcant 
role in describing the chemical reactivity descriptors and chemical behavior of the chemical 
compounds. The highest occupied molecular orbital (HOMO) is mainly localized on the 
carboxylic groups of the [Zn(2,3-pdcH)2(H2O)2], (2,3-pdcH = 2,3-pyridinedicarboxylic acid), 
while the lowest unoccupied molecular orbital (LUMO) is mainly located on the carbon atoms 
of the ring and of one of the carboxylic groups. The energy gap between the HOMO and 
LUMO energies has been calculated as 4.71 eV (Fig. 12). This large energy gap characterizes 
a high chemical hardness and kinetic stability of the coordination compound [32]. The density 
of state (DOS) spectrum of the title compound was plotted applying the Gauss Sum software 
using information from the Gaussian output ﬁle and is shown in Fig. 13. It shows the number 
of available molecular orbitals including compositions and their contributions to the chemical 
bonding at different levels of energies. From the DOS plot, the red and green lines of the plot 
indicate the virtual and occupied orbitals, respectively, and also provide an understanding of 
the molecular orbitals character in a particular area. The DOS plot and its energy levels also 
corroborated the Frontier Molecular Orbitals analysis. 
3.5.  Molecular Electrostatic Potential (MEP) 
The molecular electrostatic potential surface (MEP) is performed to study the molecular 
reactive behavior towards electrophilic and nucleophilic attack and determine sites of 
electrophile (electron-deﬁcient positively charged species) and the nucleophile (an electron 
rich, negatively charged species). The negative regions of the MEP which represent high 
electron density appear in red and are referred to the electrophilic reactivity while the positive 
(blue) regions are referred to the nucleophilic reactivity. As can be seen from Fig. 14, the red 
region located around the Zn atom can be considered as the electrophilic reactivity center 
while the positive region is localized on the ligand which will be the reactive sites for 
nucleophilic attack and these sites are involved in intermolecular contacts [33-37]. The MEP 
surface shows that the negative potential sites situated on Zn atom while the positive potential 
sites situated around the ligand. 
4. Conclusions 
In this research, a complex [Zn(2,3-pdcH)2(H2O)2] was obtained using a zinc dichloride salt 
and 2,3-pyridinedicarboxylic acid as ligand. The coordinated complex crystallizes in the 
monoclinic space group P21/n. The 2,3-pyridinedicarboxylic ligand coordinates in a bidentate 
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chelate mode via the pyridine nitrogen atom and oxygen atom of the mono deprotonated 2-
carboxylic group. The strongest electrostatic interactions are also the most enriched contacts 
and are constituted by the N-Zn and O-Zn coordination bonds followed by strong O…Ho and 
weak O…Hc hydrogen-bonds. There are stacking interactions between the pyridine cycle and 
the COOH/COO- groups resulting in significant C…C and C+…O- contacts. The NBO—
second-order perturbation theory analysis indicates that a two-center bond between the Zn2+ 
cations and O/N atoms was not found, the Zn—N/O interactions are coming from an 
electronic delocalization between the N/O filled nonbonding orbitals to the anti-bonding 
LP*(Zn) metal NBOs. Based on the atoms in molecules (AIM) results, all Zn—N/O 
interactions have a predominant coordinate covalent character. The MEP map define the 
nucleophile and the electrophile sites that the negative potential sites are on Zn(II) cation as 
well as the positive potential sites are around the  2,3-pyridinedicarboxylic ligand . The 
HOMO-LUMO energy gap suggest a good stability of the title compound. 
Supplementary data 
Crystallographic information is available at the Cambridge Crystallographic Data Centre, 
CCDC No 635310. These data can be obtained free of charge 
via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the CCDC, 12 Union Road, 
Cambridge, CB2 1EZ, UK: fax: (+44) 01223-336-033; e-mail: deposit@ccdc.cam.ac. 
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Tables. 
Table 1 Crystal data and structure parameters of the title compound 
Crystal data 
Chemical formula C14H12N2O10Zn 
Mr 433.63 
Crystal system, space group Monoclinic, P21/n 
Temperature (K) 193 
a, b, c (Å) 9.2883 (17), 7.8953 (12), 10.3048 (19) 
β (°) 95.070 (5) 
V (Å3) 752.7 (2) 
Z 2 
Radiation type Mo Kα 
µ (mm−1) 1.70 
Crystal size (mm) 0.25 × 0.25 × 0.16 
Data collection 
Diffractometer Bruker Diffraction CCD area-detector 
Absorption correction Multi-scan  
SMART (Bruker, 2001) 
Tmin, Tmax 0.736, 0.952 
No. of measured, independent and 
observed [I > 2σ(I)] reflections 
4473, 1815, 1710 
Rint 0.019 
(sin θ/λ)max (Å−1) 0.677 
Refinement 
R[F2 > 2σ(F2)], wR(F2), S 0.030, 0.090, 1.09 
No. of reflections 1815 
No. of parameters 133 
No. of restraints 3 
Δρmax, Δρmin (e Å−3) 0.39, −0.32 
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Table 2 Bond lengths (Å) and bond angles (º) for non-H atoms with esd values in parenthesis 
of the title compound 
Atoms Bond length Atoms Bond length 
Zn1—O2i 2.0551 (13) O5—C7 1.225 (2) 
Zn1—O2 2.0551 (13) N1—C1 1.328 (2) 
Zn1—N1i 2.0645 (15) N1—C5 1.345 (2) 
Zn1—N1 2.0646 (15) C1—C2 1.379 (3) 
Zn1—O1i 2.1874 (15) C2—C3 1.371 (3) 
Zn1—O1 2.1874 (15) C3—C4 1.397 (3) 
O2—C6 1.245 (2) C4—C5 1.398 (2) 
O3—C6 1.256 (2) C4—C7 1.525 (2) 
O4—C7 1.281 (2) C5—C6 1.538 (3) 
O4—OH4 0.847 (18)   
Atoms Bond angle Atoms Bond angle 
O2i—Zn1—O2 180.0 C5—N1—Zn1 116.07 (12) 
O2i—Zn1—N1i 78.45 (6) N1—C1—C2 121.84 (17) 
O2—Zn1—N1i 101.55 (6) C3—C2—C1 117.85 (17) 
O2i—Zn1—N1 101.55 (6) C2—C3—C4 121.45 (17) 
O2—Zn1—N1 78.45 (6) C3—C4—C5 117.18 (17) 
N1i—Zn1—N1 180.0 C3—C4—C7 114.17 (16) 
O2i—Zn1—O1i 90.57 (5) C5—C4—C7 128.65 (17) 
O2—Zn1—O1i 89.43 (6) N1—C5—C4 120.51 (16) 
N1i—Zn1—O1i 89.27 (6) N1—C5—C6 111.12 (14) 
N1—Zn1—O1i 90.73 (6) C4—C5—C6 128.38 (15) 
O2i—Zn1—O1 89.43 (5) O2—C6—O3 122.50 (17) 
O2—Zn1—O1 90.57 (5) O2—C6—C5 117.61 (15) 
N1i—Zn1—O1 90.73 (6) O3—C6—C5 119.89 (15) 
N1—Zn1—O1 89.27 (6) O5—C7—O4 120.64 (18) 
O1i—Zn1—O1 180.00 (4) O5—C7—C4 118.77 (17) 
Zn1—O1—OW1 106 (2) O4—C7—C4 120.58 (17) 
Zn1—O1—OW2 112.7 (19) C7—O4—OH4 114 (2) 
OW1—O1—OW2 114 (3) C1—N1—C5 121.16 (16) 
C6—O2—Zn1 116.50 (12) C1—N1—Zn1 122.76 (12) 
Symmetry code: (i) −x+1, −y+1, −z+1. 
16 
 
 
Table 3 Geometric details of hydrogen bond (Å, º) (D-donor; A-acceptor; H-hydrogen). 
Interactions d(D—H) d(HꞏꞏꞏA) d(DꞏꞏꞏA) <D—HꞏꞏꞏA Symmetry code on atom A 
O1—OW1ꞏꞏꞏO5 0.81  2.00 2.801 (2) 171 (3) −x+ ½ , y−½, −z+3/2 
O1—OW2ꞏꞏꞏO5 0.81 2.04 2.840 (2) 173 (3) x+1, y, z 
O4—OH4ꞏꞏꞏO3 0.85 1.55 2.394 (2) 174 (3) x, y, z 
C2—H2ꞏꞏꞏO2 0.95 2.61 3.442 (2) 146( 3) x, y+1, z 
C2—H2ꞏꞏꞏO3 0.95 2.60 3.302 (2) 131 x, y+1, z 
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Table 4 Natural Atomic charges and electron configurations from the natural population 
analysis (NPA) a.  
Atom Natural charge Natural electron configuration 
Zn  1.0596 [core]4S( 0.37)3d( 9.99)4p( 0.56)5p( 0.02) 
O1 -0.7583 [core]2S( 1.60)2p( 5.15)3p( 0.01) 
O2 -0.6829 [core]2S( 1.66)2p( 5.02) 
N1 -0.5261 [core]2S( 1.32)2p( 4.20)3p( 0.01) 
a Half of the data were presented due to symmetry consideration. 
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Table 5 The second order perturbative energies E(2) corresponding to donor-acceptor 
interactions between ligand donor orbitals (NBO(i)) and metal acceptor orbitals (NBO(j)).  
Donor NBO(i) Acceptor NBO(j) E(2) (kcal/mol) 
LP(1)O1 LP*(6)Zn 0.11 
LP(1)O1 LP*(7)Zn 1.89 
LP(1)O1 LP*(8)Zn 1.73 
LP(1)O1 LP*(9)Zn 3.01 
LP(2)O1 LP*(6)Zn 29.54 
LP(2)O1 LP*(7)Zn 0.36 
LP(2)O1 LP*(8)Zn 50.51 
LP(2)O1 LP*(9)Zn 0.07 
E(2) : LP(O1) → LP*(Zn) = 87.22 kcal/mol 
LP(1)O2 LP*(6)Zn 6.50 
LP(1)O2 LP*(7)Zn 13.16 
LP(1)O2 LP*(9)Zn 7.18 
LP(2)O2 LP*(6)Zn 45.56 
LP(2)O2 LP*(7)Zn 56.38 
LP(2)O2 LP*(8)Zn 0.58 
LP(2)O2 LP*(9)Zn 5.86 
LP(3)O2 LP*(6)Zn 0.35 
LP(3)O2 LP*(7)Zn 0.51 
LP(3)O2 LP*(8)Zn 8.04 
E(2) : LP(O2) → LP*(Zn) = 144.12 kcal/mol 
LP(1)N1 LP*(6)Zn 45.19 
LP(1)N1 LP*(7)Zn 10.34 
LP(1)N1 LP*(8)Zn 0.73 
LP(1)N1 LP*(9)Zn 42.18 
E(2) : LP(N1) → LP*(Zn) = 98.44 kcal/mol 
LP: 1-center valence lone pair, *: Antibonding 
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Table 6 The hybridizations, occupancies and energies of the natural orbitals involved in the 
Zn–N and Zn–O interactions. 
Orbital Hybridization Occupancy Energy 
LP(1)O1 s(10.48%) p 8.54(89.52%) 1.98466 -0.52038 
LP(2)O1 s(24.15%) p 3.14(75.85%) 1.88275 -0.59282 
LP(1)O2 s(38.29%) p 1.61(61.71%) 1.91442 -0.61364 
LP(2)O2 s(20.48%) p 3.88(79.52%) 1.80087 -0.51223 
LP(3)O2 s(0.00%) p 1.00(100.00%) 1.61113 -0.32133 
LP(1)N1 s(23.27%) p 3.30(76.73%) 1.82515 -0.48309 
LP*(6)Zn s(99.84%)p 0.00( 0.00%) d 0.00(0.16%) 0.36934 0.05221 
LP*(7)Zn s(0.00%) p 1.00(100.00%) 0.19409 0.26999 
LP*(8)Zn s(0.00%) p 1.00(100.00%) 0.18580 0.22614 
LP*(9)Zn s(0.00%) p 1.00(100.00%) 0.17865 0.23461 
 
b The orbital occupancy (Electron density between 0 and 2) 
c Energies are in atomic unit (1 a.u. = 627.5095 kcal/mol) 
LP: 1-center valence lone pair, *: Antibonding 
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Table 7 QTAIM-topological properties at the Zn—N and Zn—O bond critical points (BCPs) 
a. 
Interaction  
       
Zn—O1 0.03334 0.20592 0.06016 -0.06939 1.15342 -0.00923 -21.77144
Zn—O2 0.04687 0.37657 0.08618 -0.09492 1.10141 -0.00873 -29.78160
Zn—N 0.05415 0.42090 0.08963 -0.09416 1.05054 -0.00453 -29.54314 
 
a Half of the data were presented due to symmetry consideration. 
 Electron density,  Laplacian of electron density,  Electron kinetic energy density,  
Electron potential energy density,  Total electron energy density and  Interaction energy. 
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Table 8 Nature of intermolecular contacts on the Hirshfeld surface by chemical types. The 
second row contains the contribution Sx of each chemical type X on the Hirshfeld surface.  
The third part of the Table show the % Cxy of the contact types on the surface. The lower part 
of the Table shows the Exy enrichment ratios of contact types. The major Cxy contact types and 
the Exy ratios larger than unity (corresponding to the significantly enriched contacts) are 
highlighted in bold characters. The hydrophobic Hc atoms bound to carbon were 
distinguished from the more polar Ho water hydrogen atoms. Chemical types have been 
regrouped in hydrophobic (Hc and C) and charged atoms.  
chem. Zn N O Ho Hc C 
surf. % 9.8 3.9 31.4 13.9 15.5 25.5 
Zn 0.0           
N 6.0 0.0   contacts  (%) 
O 13.1 0.6 0.7     
Ho 1.7 0.3 16.4 0.3   
Hc 0.9 0.0 15.1 2.1 3.0   
C 2.2 0.0 15.3 8.0 6.2 8.2 
Zn 0           
N 7.1  0   enrichment   
O 1.77 0.27 0.07     
Ho 0.48 0.33 1.82 0.15   
Hc 0.25 0 1.61 0.47 1.31   
C 0.38 0 1.03 1.14 0.86 1.42 
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Table 9 Nature of intermolecular contacts on the Hirshfeld surface if the metal complex 
formed by Zn(II) and two anions and two water molecules is considered as an entity. The 
major Cxy contact types and the Exy ratios significantly larger than unities are highlighted in 
bold characters. The N and Zn chemical types, which quasi absent from the entity surface are 
omitted.  
chem. O Ho Hc C 
surf % 31.8 17.4 19.0 31.3 
O 1.1     
Ho 21.5 0.4 % contacts   
Hc 18.4 2.9 4.4   
C 20.5 10.1 8.5 10.9 
O 0.1       
Ho 1.9 0.1 enrichment   
Hc 1.5 0.4 1.2   
C 1.1 0.9 0.7 1.2 
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Figures 
 
Fig. 1 Structure of [Zn(2,3—pdcH)2(H2O)2] 
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Fig. 2 Coordination environment of the Zn(II) atom with atomic labels in the title compound 
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Fig. 3 Dihedral angle between the planes of water molecules and the pyridine dicarboxylic 
acid in the title compound 
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Fig. 4 The [Zn(2,3-pdcH)2(H2O)2] entities and the neighbouring moieties  in the title 
compound 
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Fig. 5 View of the three-dimensional supramolecular structure of the title compound along the 
c axis, incorporating hydrogen bonds (dashed lines). 
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Fig. 6 Visualization of the anti-bonding natural orbitals of Zn cation shared in the O/N → Zn 
interactions. 
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Fig. 7 Visualisation of the non-bonding natural orbitals of the O and N ligand donor atoms 
shared in the O/N → Zn interactions 
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 Fig. 8 QTAIM molecular graph for complex 1: bond critical points (small green spheres), ring 
critical points (small yellow sphere) and bond paths (black lines). 
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(a)  
 (b)  
 
     
 
Fig. 9 Hirshfeld surface around the (Zn(II), 2HOH, 2 anions) complex. (a) coloured according 
to interior atom contributing most to the electron density (b) according to the exterior atom. 
Carbon: black, hydrogen Hc: grey, hydrogen Ho: yellow, oxygen: red, nitrogen: blue, zinc: 
purple. The orientation of the complex is also represented in (a).  
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(a)  
(b)
 
 
Fig. 10 Crystallographic autostereogram of a dimer of the asymmetric unit.  The 
figure was done with MoProViewer. Hydrogen bonds are represented as green dotted 
lines;  
(a) The molecules are translated along vector a. 
(b) The molecules are translated along vector b. 
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Fig. 11 Scatterplot of average electrostatic energy <Eelec> vs. enrichment ratios Exy for the 
different contact types. The Eelec values were averaged over the contacts which are shorter 
than the sum of van der Waals radii plus 0.2 Å. The orange crosses are contacts which are not 
observed in the crystal packing at this cutoff distance. Their theoretical Eelec values were 
computed between two atoms rendered spherical (with multipoles removed) and placed at this 
cutoff distance.   
34 
 
 
 
 
Fig. 12 Frontier molecular orbitals (HOMO and LUMO) of the title compound. 
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Fig. 13 DSO Spectrum and its energy levels of the Frontier Molecular Orbitals. 
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Fig. 14 Molecular electrostatic potential (MEP) of the title compound. 
 
